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Overview
• Introduction to alloys of copper with diamond particle 
additions (Cu-D)
• Thermal conductivity 
• Processing techniques
• Properties – thermal, mechanical, density
• Fabricating Cu-D combustion chamber liner
• Additive Manufacturing 
• Summary
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Introduction
• Liquid rocket engine combustion chamber liner materials requires high 
thermal conductivity (K) for better heat transfer (cooling)
• State of the art materials used today have lower K than pure copper – see 
table below
• Diamond particles have the potential to improve K of liner significantly 
• With higher K combined with lower density, Cu-D composite liner can 
improve engine performance and efficiency significantly.
Material K (W/mK)
Pure copper (from powder) 360
NARloy-Z (Cu-3Ag-0.5Zr) 320
GRCop-84 (Cu-8Cr-4Nb) 300
Cu-D (Cu- 20-50vol%D) 400 – 550
Diamond 1500 - 3000
Thermal Conductivity of Copper Alloys with Diamond 
Additions
(NARloy-Z)
Interface Thermal Resistance
• Thermal conductivity (Kc) of Cu-D composites does not follow the 
rule of mixtures
Kc = Km(Vf)m + KD(Vf)D where Kc, Km and KD refer to K for composite, 
matrix and diamond, respectively
• Kc is usually less than predicted because of Cu-D interface thermal 
resistance, ITR, described by a parameter α
α =ak/a, where a is the particle radius, and ak is the Kapitza radius (ak = Rint.km, 
where Rint= interface thermal resistance and km is matrix conductivity). 
α is zero when ITR is zero – ideal case
• Heat is conducted by lattice vibrations (phonons)
• Phonon scattering at the Cu-D interface creates ITR 
• Theory suggests that use of refractory metal carbide (MoC, ZrC) at 
Cu-D interface helps to lower α, but not to zero.
• Experimental data suggests that ZrC is one of the best coatings in 
Cu-D system – gives the highest Kc 
Thermal Conductivity Dependence on ITR (α)
Plot of theoretical diamond-copper thermal conductivity (Kc) normalized by 
matrix conductivity (Km) for various α values. Experimental data points are 
shown that fit to predictions at some α values.
Processing of Cu-D Composites
• Powder metallurgy techniques are used to process Cu-D composites
• Copper alloy powder is mixed with diamond particles, coated or not coated. 
• Mixing techniques: mechanical blending, acoustic mixing, ball milling
• Cu-D powder mixture is then poured into near net shape die and consolidated 
under pressure at high temperature through solid state sintering process.
– Die materials: graphite or refractory metal alloys such as TZM Molybdenum
• Consolidation techniques commonly used
– Hot pressing (HP) and hot isostatic pressing (HIP)
– Spark Plasma Sintering (SPS), aka Field Assisted Sintering Technology (FAST)
• Additive manufacturing: building one layer at a time
– Relatively new technique, undergoing rapid development
– Typically used for making net shape parts requiring little or no machining
• Many factors affect process selection: 
– Part size  and geometry
– Property requirements
– Cost and schedule
• Machining is challenging because of very high hardness of diamonds
– Conventional machine tools wear out quickly
– Electrical discharge machining (EDM) and water jet cutting have been used successfully
– Net shape fabrication is attractive - has potential to eliminate machining
Low-Cost Diamonds for Chamber Liner
Top: Low-cost M170/80 mesh diamond powder. 
Synthetic diamond, priced at 6 cents/ct., has an 
angular appearance due to mechanical crushing 
during manufacture.
Bottom:  Intermediate-grade M3 diamond powder 
(22 cents/ct.) has a well-defined cubo-octahedral 
shape. 
• Grades of Diamond & Costs
• Cladding:
Diamond is clad via electroplating, which is convenient and ensures good diamond 
particle dispersion. 40 wt.% Cu coating costs between $200/lb and $800/lb. In high 
production volumes, these costs can drop to $40 per pound.  
Coating Diamond Particles for Good Bonding 
and High Thermal Conductivity
Steps in current GTE high thermal conductivity 
copper-diamond powder development:
(a) Starting diamond with smooth facets; 
(b) Treatment to roughen diamond surface to increase 
reactivity; 
(c) Application of continuous layer of reactive metal 
carbide; 
(d) Overcoat of refractory metal to provide a graded 
interface for thermal cycling resistance; 
(e) Optional overcoat of electroless copper, followed by 
electrodeposition of thicker copper.
Cu-coated diamond powder
Hydraulic
system
Power
Supply 
System
Vacuum chamber
•Vacuum
•Ar / N2 / 
H2
Powder
Load powder mixture 
in a graphite die
Sinter by FAST
+
Diamond powder
Blend by acoustic wave  
or  Ball Milling
Sequence of powder mixing and sintering by 
Field Assisted Sintering Technique (FAST)
NARaloy-Z powder
Compaction and sintering 
process variables:  
• Pressure
• Temperature
• Current density
• Time at temperature
• 250 ton Prototype Large R&D system
• Maximum Diameter: 300 mm
• Pulse current: 0-10KAmps
• Pulse time: 1 to 1000 ms
• Pause duration: 0 to 1000 ms
• Temperature capability: RT to 2400 0C
• Computerized Process control system
Field Assisted Sintering System At Penn State - ARL
Inside view of furnace chamber
Sintering at high temperature
Improved Microstructure with Wet Processing
Above: 1 inch ring segments of Cu-D liner
Processes Developed for Smooth Surfaces on 
Net Shape Parts
Cu-plated and polished/lapped. Cu surface layer 
on all sides.
Left: Diamond particle distribution in wet-blended copper-
diamond sample containing 40 vol. % of refractory Cu-
coated diamond particles. Diamond particle size 275 
microns (50/60 mesh). The sample was made using 
Acumet 500A copper powder of 17 micron particle size.
Sectional view showing 
diamond & mil thick Cu 
layer.
Control of Interface Carbide Formation Required 
to Maximize Thermal Conductivity
SEM images of fractured specimens of NARloy-Z-D composites. 
Coated (left) and uncoated (right) diamonds in NARloy-Z matrix. 
Tensile Properties of NARloy-Z-D Composites
Sample type Composition Test temperature, 
Environment
YS, ksi UTS, ksi Elongation, %
NARloy-Z Base line 75⁰F, air 18 45 33
NARloy-Z-30D 30 vol% diamond 75⁰F, air 19 19 <1
NARloy-Z-40D 40 vol% diamond 75⁰F, air 18-20 18-24 <1
NARloy-Z-40D 40 vol% diamonds 935⁰F, GN2 11 11 <1
NARloy-Z-30(Ti-
D)
30 vol% Ti-coated 
diamond
75⁰F, air 12 12-13 <1
NARloy-Z-30 (Cu-
MoC-D)
30 vol% diamonds, 
Cu-MoC coated
70⁰F, air 18 23 2-3
NARloy-Z-30 (Cu-
MoC-D)
28 vol% MoC 
coated, copper over 
coated diamonds 
(from GTE)
1000⁰F, 250 psi He 5-6 5-7 2-3
NARloy-Z-40D 
diffusion bonded 
using FAST
40 vol.% Diamond; 
(NARloy-Z used as 
bonding aid) 
70⁰F, air 10 11 <1
Thermal Conductivity of Cu-D Composites
Diamond
Size
(micron)
Coating
Type
Sample
thick.
mm
Vf % dia.,
(Grade)
Matrix Density,𝜌
g/cm3
Specific
heat, 𝑐𝑝
(j/k.g)
Diff. α
cm2/sec
Calc. k
(W/m.K)
Consol.
method
137 RC 1.55 45, (M3) Cu 6.50 0.426 1.58 438 EP,sps
137 RC 1.37 40, (M1) Cu 6.78 0.420 1.48 421 PB,hp
192.5 RC 1.49 55, (M3) Cu 5.98 0.442 1.91 505 EP,sps
273.5 RC 1.58 55, (M3) Cu 5.98 0.442 2.12 562 EP,sps
273.5 RC 2.74 40(M3) Cu 6.78 0.420 1.98 563 PB,hp
137 none 1.919 25.2,(M3) NARloy-Z 7.7* 0.396 1.41 431 PB,sps
137 none 2.848 30.4,(M3) NARloy-Z 7.41* 0.401 1.61 477 PB,sps
137 none 2.722 47, (M3) NARloy-Z 6.47* 0.421 2.03 553 PB,sps
137 RC 2.848 51,(M1) NARloy-Z 6.23* 0.429 1.38 369 PB,sps
137 RC 1.50 40,(M1) NARloy-Z 6.79 0.413 1.15 322 PB,hp
192.5 none 1.257 40,(M3) NARloy-Z 6.79 0.413 1.80 505 PB,hp
EP=electroplated, PB= powder blend, *=measured density, hp=hot press, sps=spark 
plasma sinter. Notes: 𝑐𝑝 values for the composite are estimated by rule-of-mixtures 
calculations using the specific heat of the diamond and the metal matrix components 
multiplied by the weight fraction present. 
Effect of Thermal Cycling on Thermal 
Conductivity of Pure Copper Matrix 
Description Vf% D in
NARloy-Z
Starting K (W/m.k) After 1 cycle quench
LN
% decrease
#1) 137 micron diamond, no 
coating  (137, M3, SP, PB)
25.2 430.9 424.7 1.4
#2) 137 micron diamond, no
coating (137, M3, SP, PB)
30.4 477.1 467.3 2
#3) 137 micron diamond, no
coating (137, M3, SP, PB)
47.2 550 536.2 2.5
Low-Temperature Cycling to 
LN2. Trends in thermal 
conductivity over 5 LN2 
quench cycles. 
Top: High-Temperature 
Cycling to 450˚C – one 
cycle
Coefficient of Thermal Expansion for NARloy-Z-D 
Composites
Inferences from Experimental Data for Cu-D 
Composites – Superior Thermal Properties
1) Thermal conductivity increases as high as 75% greater than NARloy-Z have been 
obtained. 
2) Larger diamond particle sizes result in higher thermal conductivity.
3) Using diamond with no pre-coating produces highest conductivity values in the 
NARloy-Z matrix, whereas refractory carbide pre-coating returns the highest reliable 
conductivity values for a “pure” Cu matrix. 
4) Hot-pressing (HP) and SPS for carbide-coated diamond in “pure” Cu appear to return 
similar thermal conductivity values for both consolidation approaches.
5) Hot-pressing (HP) and SPS for uncoated diamond in NARloy-Z matrix appear to indicate 
that SPS values may be slightly higher for the NARloy-Z matrix.
6) There is no difference in performance of samples made using electroplated Cu or by 
powder blending.
7) Mechanical properties of Cu-D composites are good. Ductility is low as expected; it is 
the highest for diamonds coated with copper.
Fabrication of Copper-Diamond (Cu-D) 
Combustion Chamber Liners using SPS Technique
Combustion chamber liner 
ring (2.5” i.d., 2.75”   o.d., 1.0’ 
long) made from NARloy-Z-
Cu-30vol.%D composite using 
SPS technique at Penn State
A                                          B
Fabrication of liner by stacking eight rings (A) and 
diffusion bonding by SPS (B)
Subscale combustion chamber 
liners made by diffusion bonding 
several rings using FAST (SPS) 
Hot fire Testing of Combustion Chamber Liner
Combustion chamber 
liner and test assembly
Hot fire testing at MSFC 
Test stand 
Additive Manufacturing Technique
Direct Metal Laser Sintering (DMLS) process schematic : 
building net shape part one layer at a time
Cu-D Chamber Liner by Additive Manufacturing
• Additive Manufacturing (AM) is rapidly developing 
as a viable fabrication technique for chamber liners
• MSFC has demonstrated fabricating GRCop-84 
chamber using SLM (see Figure) and tested it 
successfully
• AM techniques are very attractive for fabricating 
Cu-D chamber liners. 
• Candidate techniques include 
– SLM and DMLS (Direct Metal Laser Sintering)
– Laser cladding
– Freeform Blown Powder Deposition 
– Direct metal Deposition 
– Electron Beam Freeform Fabrication (EBF3)
• Bimetallic chamber with SLM Cu-D liner and 
cladded nickel base alloy structural jacket looks 
promising.
– Has been demonstrated for SLM GRCop-84 liner and 
Inconel 625 structural jacket made by EBF3
GRCop-84 Chamber 
made by Selective Laser 
Melting (SLM)
Summary
25
1. Novel copper-diamond materials containing particulate dispersions of 
diamond within copper alloy matrix (Cu-D composites) have been 
produced as next-generation rocket engine combustion chamber liner 
materials. 
2. The fabrication techniques – hot pressing and spark plasma sintering –
are capable of scale-up to full-size production parts. 
3. Preliminary material property data has been generated.
4. The materials have been evaluated for thermal cycling resistance and 
ease of manufacturing. 
5. Cu-D materials can be readily used for making parts by additive 
manufacturing
6. The results so far indicate great promise of these materials and 
associated economics to replace existing state-of-the-art materials such 
as GRCop-84 and NARloy-Z. 
Cu-Diamond materials show great promise as material 
replacements for conventional liner materials
